Recent molecular phylogenies of the grasses (Poaceae) have revealed unexpected relationships among species with disparate inflorescence morphologies. ''Panicum'' bulbosum (Panicum sect. Bulbosa) was recently placed in the ''bristle clade,'' a monophyletic clade in the Paniceae whose members have inflorescences containing both bristles and spikelets, even though ''P.'' bulbosum appears to lack bristles. This placement of ''P.'' bulbosum also indicates that it is not related to true Panicum (Panicum sect. Panicum). Here, the placement of ''P.'' bulbosum is confirmed using chloroplast markers ndhF and trnL. The closest relatives of the species are thus morphologically quite different from ''P.'' bulbosum, and conversely the morphologically similar species of true Panicum are unrelated. To investigate the morphological differences more carefully, we used scanning electron microscopy to detail the development of inflorescence structures of ''P.'' bulbosum and to compare it with bristle-bearing grasses and true Panicum. We find that inflorescence development of ''P.'' bulbosum closely resembles that of the type species of true Panicum, Panicum miliaceum. Thus ''P.'' bulbosum is a morphological anomaly, having lost the synapomorphy of its clade and sharing many characters with more distant relatives.
Introduction
Containing some 10,000 species, the grass family Poaceae is one of the most species-rich families of angiosperms. The taxonomy of Poaceae relies heavily on characters of inflorescence morphology (Clayton and Renvoize 1986) , but recent work on phylogenetic relationships within the grasses indicates that inflorescence form may not always track evolutionary history (Doust and Kellogg 2002a) . Unrelated taxa may develop similar adult forms through different developmental processes, and divergent morphologies may result from slight changes in otherwise similar developmental patterns. Because ontogenetic variation can account for morphological diversity within clades, exploration of ontogeny in groups displaying character reversal can offer insight into the process by which diversification occurs (Hufford 1996) . This approach is helpful when unexpected relationships are revealed by molecular phylogenies, such as close relationships between taxa that are morphologically dissimilar.
This article details one such example of homoplasy within the morphologically distinct ''bristle clade'' (Paniceae). Within the grass subfamily Panicoideae, the tribe Paniceae includes two monophyletic groups corresponding to base chromosome numbers x¼10 and x¼9 (Giussani et al. 2001) . The x¼9 Paniceae contains four major monophyletic groups as well as a set of smaller clades. The major groups are as follows: (1) the clade comprising all species of Panicum subgenus Panicum (this includes Panicum miliaceum, the type species of the genus, tribe, and subfamily; other subgenera of ''Panicum'' are unrelated to the type subgenus and fall in disparate parts of the phylogeny); (2) the bristle clade, containing species from the genera Setaria, Cenchrus, Pennisetum, and multiple smaller genera, all of which share the morphological character of having sterile branches (bristles) in their inflorescences; (3) a clade containing Urochloa, Eriochloa, Melinis, and Chaetium species; and (4) the genus Digitaria. Clades 1, 2, and 3 form a monophyletic group in molecular analyses and share the synapomorphy of C 4 photosynthesis. Digitaria may or may not be part of this large C 4 clade; current phylogenetic data are ambiguous (Giussani et al. 2001; J. Barber and E. Kellogg, unpublished data) . Of particular interest for this study are the bristle clade and Panicum subgenus Panicum (hereafter Panicum s.s. or true Panicum).
The bristle clade has been identified as a monophyletic group within the tribe Paniceae using morphological (Zuloaga et al. 2000) and molecular (Gó mez-Martínez and Culham 2000; Giussani et al. 2001; Doust and Kellogg 2002a, 2002b; Aliscioni et al. 2003) characters. Sterile inflorescence branches are found only in this group. The clade contains 25 genera and ca. 310 species and is identified most conspicuously by the presence of setae or bristles, which are formed from inflorescence branch meristems and have some aspects of branch identity and some of spikelet identity. Various authors have considered bristles to be derived from modified spikelets, modified branches, or both, as discussed by Doust and Kellogg (2002a) . Other characters of inflorescence architecture, such as panicle length and numbers of orders of branching, vary within the bristle clade (Doust and Kellogg 2002a) .
Two species currently classified as Panicum apparently belong to the bristle clade, unrelated to true Panicum; thus we place the generic name in quotes here. The placement of ''Panicum'' bulbosum (subg. Agrostoides sect. Bulbosa [Zuloaga 1987] ) in the bristle clade was indicated by chloroplast sequences of both ndhF (Giussani et al. 2001; Aliscioni et al. 2003) and trnL combined with ndhF (Gó mez-Martínez and Culham 2000). All of these studies used sequences obtained from a single correctly identified accession of ''P.'' bulbosum, raising the possibility that the specimen was somehow aberrant or that the DNA was inadvertently mislabeled. A second species of Panicum, ''Panicum'' antidotale (subg. Agrostoides, no sect.), was also included in the bristle clade by Aliscioni et al. (2003) with ndhF data. Inclusion of ''P.'' bulbosum and ''P.'' antidotale in the bristle clade is surprising because neither species has bristles on its inflorescences, and both are morphologically similar to Panicum s.s. in spikelet and panicle form.
Comparative analysis of inflorescence development of species within the bristle clade has shown that morphology is similar at early ontogenetic stages and that most variation in adult inflorescence morphology results from changes in axis ramification and elongation (Doust and Kellogg 2002a, 2002b; Kellogg et al. 2004 ). However, inflorescence development of ''P.'' bulbosum and ''P.'' antidotale has not previously been studied. If the new phylogenetic positions of ''P.'' bulbosum and ''P.'' antidotale are correct, it would be of interest to know what causes them to appear to lack bristles. Possible scenarios include secondary loss of bristles, formation of cryptic bristles, or failure to form bristle structures. Comparison between non-bristly and bristly grasses may offer insight into the nature of the inflorescence bristle.
Here, we present molecular phylogenetic and developmental data on ''P.'' bulbosum. We were unable to conduct similar studies on ''P.'' antidotale because of lack of appropriate material. Our data support the placement of ''P.'' bulbosum within the bristle clade. We present a series of scanning electron micrographs showing that ''P.'' bulbosum is developmentally similar to the unrelated P. miliaceum but may have cryptic bristles that could link it to the more closely related species of Setaria and Ixophorus.
Material and Methods

Plants, DNA Processing, and Phylogenetic Analysis
Specimens of ''Panicum'' bulbosum were collected at the type localities of the three species now synonymized as ''P.'' bulbosum s.l.: ''Panicum'' plenum (New Mexico, two accessions, E. Bess 41 and 42), ''Panicum'' paucifolium (Morazan, Honduras, E. Bess 27), and ''P.'' bulbosum (Michoacá n, Mexico, E. Bess 22) in July and August 2002. Morphometric data indicate that these named taxa intergrade and are best considered a single species (E. C. Bess, unpublished data). Each field collection included silica gel-dried leaf material, a herbarium voucher specimen, and living corm or rhizome material for greenhouse propagation. All vouchers were deposited in the Missouri Botanical Garden (MO) herbarium, with duplicate specimens deposited at the Mexican National (MEXU) and Zamorano (EAP) herbaria.
Total genomic DNA was extracted using CTAB mini-prep protocols (Doyle and Doyle 1987) and purified using cesium chloride and ethidium bromide gradients (Sambrook et al. 1989) . The intergenic spacer and intron region of the transfer RNAs for Leu and Phe (trnL-F) was amplified using PCR, with primers designed by Taberlet et al. (1991) , and subunit F of NADH dehydrogenase (ndhF) was amplified with primers designed by Olmstead and Sweere (1994) and Clark et al. (1995) . PCR products were purified using column purification (QIAquick PCR purification kit, QIAGEN) and quantified using pGEM standards (Applied Biosystems). Sequencing reactions were carried out using Big Dye 3.1 and sequenced using an ABI 377 automated sequencer (Applied Biosystems). Sequences were assembled into contigs and edited using SeqMan software (DNASTAR 1999) . All sequences were greater than 90% double stranded, and at least one strand had PHRED scores more than 20 throughout.
Sequences of ndhF from one ''P.'' bulbosum accession (E. Bess 22; GenBank AY864832) and one sequence from Ixophorus unisetus (GenBank AY623749; Kellogg et al. 2004) were aligned manually with the 107-taxon ndhF data set of Giussani et al. (2001) using Se-Al 1.0 software (Rambaut 1996) , creating a data set of 109 taxa. The Parsimony Ratchet (Nixon 1999 ) was used to estimate the shortest tree length. This search method changes the weight of characters in the data matrix, swaps branches with the newly weighted characters, and then returns the characters to their original weights and repeats branch swapping. This process is repeated in multiple iterations, allowing the Ratchet to explore more tree space than a typical parsimony search in which character weights remain stable throughout the search. Twenty sets of 200 iterations of Parsimony Ratchet were performed using the PAUPRat beta v.1 program (Sikes and Lewis 2001) in PAUP* 4.0b10 (Swofford 2002) .
The 109-taxon ndhF data set was also analyzed in PAUP* 4.0b10 (Swofford 2002 ) using parameters similar to Giussani et al. (2001) : maximum parsimony heuristic searches using TBR branch swapping, 1000 random addition sequence replicates (MulTrees off), with MAXTREES set to 100,000. Character states were treated as unordered, and gaps were The tree length and number of most parsimonious trees were compared with those found by the Parsimony Ratchet. Full heuristic bootstrap analyses using 300 replicates were performed, with remaining parameters identical to those used in the parsimony analysis.
Bayesian analysis ) was performed using MrBayes 3.0 . The likelihood model GTR þ G þ I was designated by MrModelTest 1.1b (Posada and Crandall 1998; Nylander 2002) as the model that best fit the data. The Bayesian analysis used four independent Markov chains, 1 million MCMC generations with tree sampling every 1000 generations, and burn-in after 1000 trees.
The ndhF analyses placed ''P.'' bulbosum in the clade containing bristle-bearing grasses (see ''Results''), so further analyses focused on this group. The 25-taxon data set for the bristle-bearing clade included ndhF and trnL sequences combined. Previously published sequences of ndhF and trnL from 21 taxa (Giussani et al. 2001; Doust and Kellogg 2002b; Kellogg et al. 2004) were combined with new data for four additional ''P.'' bulbosum accessions (E. Bess 22, 27, 41, and 42; ndhF GenBank AY864832, AY864835, AY864833, AY864834; trnL GenBank AY864059, AY864062, AY864060, AY864061). The data set thus included 22 ingroup taxa and three outgroup taxa (Panicum repens and Panicum virgatum of Panicum s.s. and one other member of the x¼9 Paniceae, Urochloa acuminata; Giussani et al. 2001) . Parsimony Ratchet, maximum parsimony, parsimony bootstrap, and Bayesian analyses were performed on the 25-taxon data set with the parameters outlined above (with MulTrees on for the parsimony analysis). Trees using trnL alone were almost entirely unresolved and exhibited low bootstrap values and were therefore largely uninformative about relationships. However, when trnL sequences were combined with ndhF, resolution was better than in analyses of ndhF alone. Therefore, trnL was used only in combination with ndhF sequences to improve resolution in maximum parsimony and Bayesian analyses.
Scanning Electron Microscopy
Developing inflorescences were dissected from wildcollected plants grown in the greenhouse at University of Missouri-St. Louis and were fixed in either FAA (formalinacetic acid-70% ethanol, 10 : 5 : 85 v/v) or PFA (phosphatebuffered 4% paraformaldehyde). FAA-fixed specimens were rehydrated in an ethanol series (70, 50, 30, 15% ethanol, H 2 O) . FAA and PFA specimens were then infused with osmium tetroxide (OsO 4 ), following the OTOTO or OTO method of Murphy (1978) , as implemented by Doust and Kellogg (2002a) . This treatment maximizes electron conductivity of the tissues without use of gold sputter-coating. The specimens were then dehydrated using an alcohol series (15, 30, 50, 70, 80, 90, 95, 100, 100% ethanol) , critical-point dried in an SPI Jumbo critical point drier (Structure Probe, West Chester, PA), and imaged in a Hitachi S450 scanning electron microscope (Tokyo, Japan) at 20 kV.
Results
Sequence Characteristics
Four of the five sequences of ndhF from the ''Panicum'' bulbosum accessions were 2038-2043 nucleotides in length; the fifth sequence (EB22) was trimmed to 1931 bp because of poor quality sequence at the 39 end. The ndhF sequences had zero to four (0%-0.20%) nucleotide differences (table  1) . Pairwise comparisons with the sister taxon Ixophorus unisetus found from 11 to 13 (0.54%-0.64%) differences. Three of the five trnL sequences were 706 bp in length; one BESS ET AL.-DEVELOPMENT OF PANICUM SECT. BULBOSA sequence (EB27) was trimmed to 623 bp, and another (JJO and RGM) was trimmed to 584 because of poor quality sequence at the 39 end. Sequences of trnL-F had zero to three (0%-0.40%) nucleotide differences among the five ''P.'' bulbosum accessions and from six to nine (0.80%-1.19%) when compared with I. unisetus.
Phylogenetic Placement
The 109-taxon ndhF data set included 437 parsimony informative characters (21.4%). Maximum parsimony analysis of these data produced 64,000 most parsimonious trees of 1460 steps (consistency index ½CI ¼ 0:436, rescaled consistency index ½RC ¼ 0:340, uninformative characters excluded). The ndhF data placed ''P.'' bulbosum in the monophyletic bristle-bearing clade of grasses in both parsimony (bootstrap ¼ 99%) and Bayesian analyses (posterior probability ½PP ¼ 100%) ( fig. 1) .
When combined, the ndhF and trnL sequences included 132 parsimony informative characters (4.70%). Maximum parsimony analysis of the 25-taxon combined ndhF and trnL data set produced 15 most parsimonious trees of 229 steps (CI ¼ 0:629, RC ¼ 0:462, uninformative characters excluded). Maximum parsimony and Bayesian analyses found that the ''P.'' bulbosum accessions formed a monophyletic group within the ''bristle clade'' ( fig. 2) , with strong support (91% parsimony bootstrap, 100% Bayesian PP).
Development
Fully developed panicles of ''P.'' bulbosum and Panicum miliaceum are similar morphologically, differing mainly in Fig. 4 Developing inflorescences of ''Panicum'' bulbosum (a-c) and Panicum miliaceum (d-f ). a, d, Inflorescence meristems (with axis primordia labeled by rank) at initiation of secondary axis primordia that will form the main branches of the inflorescence. b, e, Inflorescence meristems at initiation of 3°axis primordia that are arranged distichously on the 2°branch axes. c, f, Beginning of 4°axis initiation displays the distichous arrangement of 3°and 4°axes around subtending axes. Scale bars ¼ 100 mm.
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overall length and length of the secondary branches as well as in shape and size of spikelets ( fig. 3a, 3b) . Despite its phylogenetic placement, electron micrographs of the developing ''P.'' bulbosum inflorescence indicate that at all stages of ontogeny, ''P.'' bulbosum lacks the conspicuous bristle structures seen in all other members of the bristle clade ( fig. 3c) . Until very late development, inflorescences of ''P.'' bulbosum and P. miliaceum are morphologically indistinguishable.
The beginning of inflorescence development is marked by elongation of the shoot meristem and initiation of 10-12 secondary axis primordia in a spiral arrangement ( fig. 4a, 4d) . Beginning at the base of the inflorescence, tertiary axis primordia are initiated in a distichous arrangement from the secondary axes ( fig. 4b, 4c, 4e, 4f; fig. 5b, 5e ). Quaternary axis primordia are arranged distichously on the tertiary axes ( fig. 4c, 4f; fig. 5a, 5d ). Branches at the base of the panicles achieve higher orders of branching than those at the apex ( fig. 4c, 4f; fig. 5a, 5d ). Spikelets at the apex of the inflorescences mature before those at the base ( fig. 5c, 5f; fig. 6 ). The primary axis of ''P.'' bulbosum elongates more than that of P. miliaceum, which elongates less and thus has more densely arranged spikelets ( fig. 3a, 3b; fig. 6 ).
Flower development is also similar in the two species. The spikelets of ''P.'' bulbosum and P. miliaceum each bear only two flowers (as do all panicoid grasses), the upper with three stamens and a single pistil and the lower with three stamens only. In many individuals of both species, the flowers are enclosed by glumes early in floral development, and the development of internal structures cannot be observed. In other individuals, however, glume formation was slower, making it possible to view the developing florets ( fig. 7) . Initiation of glumes is the first step in differentiation of the spikelet meristem ( fig. 5a, 5d ). The spikelet meristem produces two floret meristems ( fig. 7) . Lemmas and anthers initiate on the upper and lower florets at approximately the same time, and the upper palea begins to form (fig. 7a) . The rachilla meristem (the apical meristem of the spikelet) appears as a bump in early development ( fig. 7a) , which becomes more pronounced as development proceeds (fig. 7b) . The glumes gradually extend to cover the spikelet entirely ( fig. 7c) .
In mature panicles of ''P.'' bulbosum, we found underdeveloped or aborted spikelets among well-developed spikelets ( fig. 8) . Underdeveloped spikelets are common on inflorescences of ''P.'' bulbosum in late development and on mature panicles. The presence of these tiny underdeveloped spikelets makes some of the branches of adult panicles appear empty. Fully emerged panicles may have 0 to as many as 21 underdeveloped spikelets. These spikelets generally appeared on branches that were straight and smooth rather than curved and scabrous like most spikelet-bearing branches in the species. Underdeveloped spikelets were not observed on developing or adult panicles of P. miliaceum.
Discussion
Phylogeny
Analysis of the 109-taxon ndhF data set confirms the placement of ''Panicum'' bulbosum (EB 22) in the bristle clade in the tribe Paniceae (Giussani et al. 2001) . All major clades found by Giussani et al. (2001) were recovered in this analysis with comparable bootstrap values. The 25-taxon ndhF and trnL combined data set places all accessions of ''P.'' bulbosum sister to Ixophorus unisetus, a placement that is also consistent with data from a nuclear intron from the gene Knotted1 (A. Penly, A. Doust, and E. Kellogg, unpublished data). Thus the species definitely belongs in the bristle clade, despite its divergent morphology; earlier data on a single accession, though surprising, are correct.
Within the 25-taxon data set, relationships resemble those found by Doust and Kellogg (2002a) , including a wellsupported clade of bristle-bearing grasses (bootstrap ¼ 99%, Bayesian PP ¼ 100%). Within the bristle clade, Doust and Kellogg (2002a) described one subclade containing Cenchrus and Pennisetum species and two subclades of Setaria species. Our analysis found a similar grouping of Cenchrus and Pennisetum with weak bootstrap (31%) but strong Bayesian support (100%). One subclade of Setaria species was present, containing species corresponding to ''Setaria clade 2'' (Doust and Kellogg 2002a ) (see fig. 2 ). A group corresponding with ''Setaria clade 1'' of the previous analysis includes ''P.'' bulbosum plus Ixophorus, but this clade was weakly supported, with 73% bootstrap and 94% Bayesian support.
Development
Inflorescence development of ''P.'' bulbosum closely resembles that of the distantly related Panicum miliaceum. Initiation of secondary, tertiary, and quaternary axis meristems and development of the internal structures of the spikelets are similar in the two species and differ markedly from that of other members of the bristle clade (Doust and Kellogg 2002a; Kellogg et al. 2004) . ''Panicum'' bulbosum and P. miliaceum differ only in late development when the panicle elongates, with the former displaying greater elongation of the primary and secondary axes, resulting in a longer panicle with longer secondary branches. Spikelet morphology is similar in the two species until the glumes are almost fully formed and both vary in the relative timing of glume formation.
''Panicum'' bulbosum shares with I. unisetus, other members of the bristle clade, and with P. miliaceum multiple plesiomorphic characters, including elongation of the apical meristem to form a primary inflorescence axis, spiral arrangement of secondary axes on the primary axis, distichous arrangement of tertiary axes on secondary axes, and distichous arrangement of the quaternary axes on the tertiary axes (cf. fig. 9 with figs. 4, 5, 6). ''Panicum'' bulbosum forms only 10 to 12 secondary axes, fewer than many other members of the bristle clade, this being an autapomorphy. ''Panicum'' bulbosum is similar to P. miliaceum in this character, however, indicating that the character state is homoplasious. ''Panicum'' bulbosum also displays four to six orders of branching, a value similar to that exhibited by Setaria grisebachii but higher than that for I. unisetus, and ''P.'' bulbosum is hence symplesiomorphic. Sterile branches are not visible on the developing inflorescence of ''P.'' bulbosum as they are on other bristle clade grasses (cf. fig. 6a with fig. 9b, 9c, 9e, 9f ). The loss of bristles is thus an apomorphic reversal in ''P.'' bulbosum.
Development of ''P.'' bulbosum is clearly different from its sister species I. unisetus, particularly at later stages ( fig. 9d-9f ) . In I. unisetus, the tertiary axis splits ( fig. 9e ) to form a spikelet and a bristle ( fig. 9f ) , whereas the tertiary axes of ''P.'' bulbosum either remain simple or produce fourth-order axes ( fig. 5a-5c ).
''Panicum'' bulbosum exhibits underdeveloped or aborted spikelets on the tips of what otherwise appear to be empty inflorescence branches. This character may be similar to the sterile branches of bristle clade grasses. Within bristle-bearing grasses, the presence of underdeveloped spikelets at the tips of bristles has been observed in Setaria palmifolia and Setaria italica ( fig.  9c ) (Doust and Kellogg 2002a) . Underdeveloped spikelets in ''P.'' bulbosum result from abortion at various stages of development, in some cases aborting even before glumes form ( fig.  8a ) and in others aborting after closure of the upper glume 
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( fig. 8b, 8c) . The earlier abortion resembles that seen in S. palmifolia and S. italica (Doust and Kellogg 2002a) .
We have not seen aborted spikelets in P. miliaceum, consistent with the hypothesis that such spikelets are truly homologous in ''P.'' bulbosum and members of the bristle clade. However, a broad survey of other species of Paniceae is necessary to test this hypothesis. It is equally possible that P. miliaceum lacks aborted spikelets because of selection for fertility during domestication and that aborted spikelets are otherwise common among panicoid grasses.
Results presented here thus show that ''P.'' bulbosum is a morphological anomaly. The synapomorphy for the ''bristle clade'' is the presence of sterile branches (bristles) in the inflorescence, a character that ''P.'' bulbosum lacks. Such bristles are not evident at any time during development. The aborted spikelets might be homologous to bristles, but at the moment, this is just an interesting hypothesis. Aborted spikelets are also seen in many grasses in response to environmental stress, so we cannot be sure that what we see in ''P.'' bulbosum is at all related to bristle formation. Nonetheless, ''P.'' bulbosum is morphologically and developmentally remarkably similar to true Panicum, with which it has been classified historically. ''Panicum'' bulbosum has clearly lost the bristles otherwise characteristic of its close relatives. The species is known to be polyploid, with published chromosome counts of 2n¼72 (Brown 1951; Gould 1968) , 2n¼70 (Krishnaswamy 1940) , 2n¼54 (Brown 1951; Gould and Soderstrom 1970; Hamoud et al. 1994) , 2n¼36 (Singh and Godward 1960) , and 2n¼18 (Gould 1965) . Our preliminary data on a single copy nuclear gene show that ''P.'' bulbosum is an allopolyploid formed by the combination of three disparate genomes (A. Penly, A. Doust, E. Kellogg, unpublished data), and we speculate that an unusual combination of genomes might have led to morphological change. For example, if the genes controlling bristle development are somehow dosage dependent, an increase in copy number might lead to a morphological change. Testing such a hypothesis awaits more information on the controls of inflorescence architecture.
